INTRODUCTION
Bacteriophage P2 replicates unidirectional from left to right from a fixed origin (ori) by a modified rolling circle-type of mechanism (1) . The activities of two phage genes, A and B, are required for P2 DNA replication (2, 3) . The B protein is presumed to be required for lagging strand synthesis, since the tails of the rolling circles are single-stranded after infection with P2 B mutants as opposed to the double-stranded tails obtained after wild-type infections (4) . The ds-acting A protein (2) is implicated in the association of the P2 DNA with the bacterial membrane (5), and it has been shown to induce a strand-specific nick at ori (6, 7) .
The activities of both gene B and gene A are required throughout the infection cycle (8) , and the B protein is made in large amounts while the A protein is not detectable (9) . The DNA sequence of the early gene region has been determined, and it contains, beside the genetically identified genes cox, B and A, six open reading frames of unknown functions (10, 11) . Due to the cis-acting nature of the A protein, it is not yet clear whether the A gene is transcribed together with the cox and B genes from the Pe promoter, or if it is transcribed from an alternative promoter. A P2 mini-chromosome has been constructed that contains only the A gene and the /3-lactamase gene (11) . Thus, under these conditions the P2 replication is independent of the B gene product.
The initiation proteins of rolling circle-type of replicons have been shown to contain three conserved sequence motifs, one presumed to be involved in binding of Mg 2+ or Mn 2+ , another in the cleavage reaction (12) . The P2 A protein contains all three conserved motifs, and thus seems to belong to this family of initiation proteins (11) . The most well characterized member of this family is the A protein of 0X174, where a tyrosine residue has been found to be covalently bound to the 5' end of the rucked strand (13) .
The ori has been located by electron-microscopy to 89 ± 1 % from the left end of the P2 genome, which is within the coding part of the A gene in a region devoid of any extensive inverted or direct repeats (7, 11) . To gain a better understanding of the initiation of P2 DNA replication we have partially purified the A protein and determined its exact cleavage site in vivo as well as in vitro.
MATERIALS AND METHODS

Biological materials
For bacterial strains, phage and plasmids, see Table 1 . The oligonucleotides used are shown in Table 2 .
Isolation of A nicked plasmJd DNA Bacterial strain BL21(DE3)plysS carrying plasmid pEE709, which contains the P2 A gene cloned under the control of the T7 promoter 010, was grown in LB supplemented with ampicillin (50 jig/ml) and chloramphenicol (34 /tg/ml) with shaking at 37 °C until mid-log phase, when IPTG was added to 0.5 mM final concentration to induce the A gene, and growth was continued with vigorous shaking for 3 h. The bacterial pellet was collected by centrifugation and lysed by a modified cleared lysate method (17) . The pellet from a 10 ml culture was resuspended in 0.5 ml of 10% sucrose, 50 mM Tris-HCl, pH 7.5, whereafter 0.1 ml of lysozyme (5 mg/ml), 0.1 ml of EDTA (0.5 M, pH 8.0) and 0.8 ml of a detergent mixture (1% Brij 35, 0.4% sodium deoxycholate, 62.5 mM EDTA, 50 mM Tris-HCl, pH 8.0) were added in order with intervening incubations for 5 min on ice. The lysate was centrifuged at 4°C at 15 800 Xg for 25 min. Proteinase K and SDS were added to the clear lysate to final concentrations of 1 mg/ml and 0.5%, respectively. After incubation for 1 h at 56°C. plasmid DNA was extracted by *To whom correspondence should be addressed GCGCCT  TGG CCG  GGT GTG  TGC GTG  CCA CAA  GTA AAA   '-3')   CGG  TTA  GGA  CAG  CGG  CGA   AGT  AAG  GCC  CTT  TTT  CGG   CCT  CCT  GGT  TAC  CCC  CCA   GTC  CCG  AAC  CTC  TCT  GT   AA  GG  GA  GA  AG •The synthetic oligonucleotides were obtained from Innovagen, Lund, Sweden.
phenol/chloroform, and precipitated by EtOH. Under these conditions a large fraction of the isolated plasmid DNA is in the form of nicked circles, which were isolated after separation from the covalently closed supercoiled circles by agarose gel electrophoresis.
As a control, plasmid pEE709 was extracted as described previously (18) from strain C-la, which does not contain the T7 poiymerase. Under these conditions most of the extracted DNA is in the form of covalently closed, supercoiled circles.
End-labelling of nicked plasmid DNA and oligonucleotides
The nicked plasmid DNA, isolated as described above, was first denatured by alkali treatment. After neutralization, the DNA was labelled either at the 5' end using [g-32 P]ATP (3000 Ci/mmol, Amersham) and T4 polynucleotide kinase (Pharmacia) or at the 3' end using [a-32 P]ddATP (3000 Ci/mmol, Amersham) and terminal deoxynucleotidyltransferase (Amersham).
Oligonucleotides were labelled either at their 5' or 3' ends as described above, and unincorporated label was removed using a sephadex G-50 spin column.
DNA sequencing
The DNA sequence was determined by the dideoxynucleotide method (19) using T7 sequenase (Pharmacia) and [a- 35 S]dATP (Amersham).
Primer extension
The isolated nicked pEE709 plasmid was first denatured in 0.2 M NaOH, neutralized with 5 M ammonium acetate and precipitated with EtOH. The denatured template was then hybridized to 10 pmol 5' end-labelled primer (89.3L) by incubation, first at 70°C for 5 min then at 37°C for 10 min, in 34 mM Tris-HCl, pH 8.3, 50 mM NaCl, 5 mM MgCl 2 and 5 mM DTT in a total volume of 20 /tl. The reaction was extended by adding 0.5 jil BSA (1 mg/ml), 2 /d dNTP (10 mM of each), 1 /tl of Klenow fragment (5 units//tl) and incubated at 37 °C for 15 min. The reaction was stopped by adding 12 /tl of stop solution (0.1% xylenecyanol FF, 0.1% bromophenol blue, 10 mM NaOH, 1 mM EDTA, 80% formamide). The extended products were analysed in a 5% sequence gel. As a size marker, a dideoxy sequencing ladder was generated using the 5' end-labelled 89.3L primer hybridized to plasmid pEE7O9.
Amplification of the A gene by poiymerase chain reactions
The P2 Ig DNA was amplified with a Perkin-Elmer Cetus Thermocycler model PCR1000. The reaction contained about 20 pmol of the respective primer (83.3R and 9O.9L), 0.5 /tg P2 DNA, 0.2 mM of each dNTP, 50 mM KC1, 4 mM MgCl 2 , 10 mM Tris-HCl (pH 9.0 at 25°C), 0.1% Triton X-100 and 2.5 U Tag DNA poiymerase (Promega) in a final volume of 100 /tl.
The mixture was subjected to 35 cycles of 1 min at 94°C, 2 min at 42°C and 3 min at 72°C. The amplified DNA fragments were phenol-treated and EtOH precipitated before use.
Plasmid construction
Molecular cloning techniques were performed according to standard procedures (20) . Unless otherwise stated, the enzymes were obtained from Promega and used as recommended by the manufacturer. Plasmid pEE711 was constructed by cloning of the 83.3-90.9% PCR fragment into plasmid pET16b (Novagen, Madison, WI) that had been cleaved with Ndel, filled in with the Klenow fragment, and treated with alkaline phosphatase. After transformation, positive clones were selected by colony hybridization to an internal 32 P 5' end-labelled probe. After extraction of the plasmids from positive clones, they were sequenced. As DNA sequence analysis showed that the PCR amplification had generated a few base changes, the pertinent region was cleaved out using a restriction enzyme and exchanged with the corresponding wild-type DNA fragment.
Purification of the A protein
The A protein was purified from 200 ml culture grown as follows: 1 ml of an overnight culture of bacterial strain BL21(DE3) carrying plasmid pEE711 was inoculated into 100 ml LB supplemented with ampicillin (100 /ig/ml) and grown at 37 °C with shaking until mid-log phase, when 100 ml of fresh medium and EPTG (0.5 mM final concentration) was added. The incubation was continued with vigorous shaking for 3 h, whereafter the cells were collected by centrifugation. The pellet was washed with 50 mM Tris-HCl, pH 7.5, 10% sucrose and stored at -70°C until use.
The A protein forms inclusion bodies, and no soluble protein is detectable by SDS-polyacrylamide gel electrophoresis. The purification of the A protein was carried out at room temperature unless otherwise stated. The frozen cells were thawed, resuspended in buffer A (6 M GuHCl, 0.1 M Na-phosphate, 0.01 M Tris-HCl, pH 8.0) at 5 ml/g wet weight and stirred for 1 h. The lysate was centrifuged at 10 000 g for 15 min at 4°C wherafter the supernatant was collected, and slowly loaded on to a 5 ml Ni-NTA (QIAGEN) column pre-equilibrated in buffer A. The column was washed with 10 column volumes of buffer A, 5 volumes of buffer B (8 M urea, 0.1 M Na-phosphate, 0.01 M Tris-HCl, pH 8.0), 5 volumes of buffer B/5 mM imidazole, and 5 volumes of buffer B/20 mM imidazole. The A protein was eluted with 20 ml of buffer B/50 mM imidazole and refolded by four dialysis steps, 2 h each, in buffer C (20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM DTT, 0.5 M NaCl, 10% glycerol) containing 6 M, 4 M, 2 M and no urea, respectively, at 4°C. The A protein was finally dialysed against buffer C/50% glycerol at 4°C overnight and stored at -20°C.
Cleavage of oligonucleotides by the refolded A protein 32 P 3' or 5' end-labelled oligonucleotides (5-10 pmol) were incubated with refolded A protein in 20 mM Tris-HCl, pH 8.8, 5 mM MgCl 2 , 25-100 mM NaCl in a final volume of 20 /x\ for 3 h at 37°C. When desired, the reaction was stopped by adding SDS (10 mg/ml) and proteinase K (100 jig/ml) and incubated for an addition 30 min at 37°C. The reaction products were analysed in a 20% polyacrylamide gel containing 8 M urea. After drying the labelled products were detected by autoradiography.
RESULTS
Localization of the 3' end of the P2 ori by restriction enzyme analysis
The origin of the P2 replication has been located to 89 ± 1 % from the left end of the P2 genome by electron-microscopical studies (6, 7) . To locate the A-induced nick by restriction analysis we used the following approach. Plasmid pEE709, which contains the A gene under the control of the T7 promoter, will after induction of the A gene get nicked (data not shown). To test if this is a site-specific nick, the nicked plasmids were extracted and ^P labelled at the 3' end using ddATP and terminal deoxynucleotidyl transferase. After cleavage with Ncol, that cleaves 1 nt upstream of the initiation codon of the A gene, and Mlul, which cuts at position 334 (84.6%) (Fig. 1 ) the products were analysed by alkaline agarose gel electrophoresis, followed by autoradiography. As can be seen in Fig. 2 (Fig. 1) , and the cleavage products were analysed on an 8% sequencing gel (Fig. 3) . The length of the labelled fragments were for Hindi 162 nt, for BssW 106 nt and for HpaR a stronger fragment of 49 nt and a weaker band of 50 nt, which locates the 3' cleavage site between nt 1860 and 1861 (Fig. 1 ), since the labelling procedure was found to generate a strong fragment migrating almost 2 nt faster than the unlabelled fragment in addition to weaker fragments (see below). It was not possible to label the 5' end using T4 polynucleotide kinase, which indicates that it might be blocked.
Location of the 5' end by sequencing run-off and primer extension
If the DNA contains a specific nick, sequencing reactions using the dideoxynucleotide method (16) is expected to give a fragment of equal size in all four reactions of a length corresponding to the length between the 5' end of the primer and the nick. Since artificial termination can be obtained due to the DNA sequence and/or structure, the sequencing pattern of the A nicked and
Nucleic Acids Research, 1994, Vol. 22, No. 24 5207 unnicked supercoiled plasmid DNA was compared, using the same primer 89.3L in each reaction (Fig. 4) . As can be seen, a run-off band can be found in the sequencing ladder of the nicked plasmids that is missing in the unnicked supercoiled control plasmid. The end of the run-off fragment corresponds to nt 1859. An alternative approach to locate the 5' end is the primer extension reaction. Using the same primer as in the sequencing reaction, a fragment 2 nt shorter than that in the sequencing runoff experiment was obtained (Fig. 4) . The discrepancy might be due to the enzymes used and their individual capacity to extend the reaction all the way up to the covalently linked A protein (se below). In the sequencing reaction the T7 sequenase was used, while in the primer extension the Klenow enzyme was used. This locates the 5' end of the nick between nt 1859 and 1861. The primer extension reaction gives two additional bands, but as they do not correspond to fragments generated by sequencing run-off reactions they were considered as artefacts. 
Cloning of the A gene, and overexpression and purification of the A protein
To facilitate the purification of the A protein, we have constructed plasmid pEE711 which contains the A gene under the control of the T7 promoter 010 in such a way that the A gene will be fused in frame with the His.Tag leader of the vector (see Materials and Methods). The resulting A protein will have the following amino acid sequence attached to its N-terminal end MGHHHHHHHHHHSSGHIEGRH-. The overexpressed A protein forms inclusion bodies, and no soluble A protein is detectable in Coomassie-stained polyacrylamide gels (data not shown). Instead the total cell extract is dissolved in guanidine hydrochloride and the A protein is purified to about 90% homogeneity in one step by column chromatography, and finally refolded by dialysis (see Materials and Methods) (Fig. 5) . The purified A protein also contains two polypeptides of about 30-32 kDa, which are detectable in crude extracts after induction of the T7 RNA polymerase. Since they elute from the column together with the A protein they either represent degradation products of the A protein that still contains the His.Tag, or they represent other proteins that bind to the A protein or the Ni-NTA column. This has not been studied further.
Endonuclease activity of the purified A protein
The partially purified renatured A protein, with or without the His-Tag, would not bind to linear double-stranded DNA containing the ori region, as determined by gel shift assays (data not shown). One possible explanation for this is that the substrate does not have the correct conformation, and/or that some other protein(s) is required for binding of A to its substrate. It is conceivable that the A binding and cleavage reaction requires that ori is exposed as a single-stranded region. To test this possibility, a short oligonucleotide spanning the cleavage site (ori) was labelled at either the 5' or 3' end and incubated with the renatured A protein. To visualize the possible cleavage products the samples were analysed on a denaturing polyacrylamide gel. As can be seen in Fig. 6 , the 5' end-labelled oligonucleotide is efficiendy cleaved by the A protein, yielding a labelled fragment migrating as an 8-mer (compare lane 1 with lanes 2 and 3) , which locates the nick between nt 1859 and 1860 (Fig. 1 ). This differs with 1 nt compared with the in vivo localized cleavage site using 3' end-labelled plasmids and restriction enzyme analysis, but due to the higher resolution in the in vitro performed cleavage reaction and the more precise labelling reaction we believe that the nick site obtained in vitro is the correct one.
The 3' end-labelled oligonucleotide migrates like a band of almost 22 nt. This labelling procedure often also gives several weaker bands of 20, 21 and 23 nt, data not shown. The addition of the A protein does not lead to any detectable labelled cleavage products, which in view of the results with the 5' labelled end were expected to migrate like a 14-mer. Instead the labelled material does not enter the gel, which is seen as a reduction in the amount of the added labelled oligonucleotide (Fig. 6 , compare lane 8 with lanes 9-11). A possible explanation is that the A protein remains covalently bound to the 5' end of the nick, which is supported by the fact that the 5' end was not accessible for labelling as described above. Therefore the cleavage products of the 3' end-labelled oligonucleotide were subjected to proteinase K treatment before electrophoresis, and under theses conditions cleavage products migrating like 15-, 16-and 17-mers are seen (Fig. 6, lanes 12 -14) . The reduced mobility of the bands is most likely due to remaining amino acid residues. The migration of the cleavage product of the 5' end-labelled substrate is unaffected by proteinase K treatment (Fig. 6, lanes 5-7) . As a control for the specificity of the cleavage reaction the 89.3L oligonucleotide was 5' end-labelled and incubated with the renatured A protein as described above, but no cleavage occurred (data not shown).
The cleavage reaction has a pH optimum of about 8.8, it is dependent on Mg 2+ , and NaCl concentrations above 200 mM reduces the reaction significantly (data not shown).
DISCUSSION
A comparative analysis of the proteins involved in initiation of rolling circle replication has classified them into two major groups; the replication (Rep) and the mobilization of plasmid DNA (Mob) group (21) . The common denominator of the two groups is a conserved amino acid motif that contains two conserved His residues believed to function as ligands to Mg (12) . Superfamily I contains, beside P2 and the related phage 186, the isometric ss DNA bacteriophages, the small phageplasmid hybrid phasyl, and several cyanobacterial and archaebacterial plasmids. This family contains in a conserved amino acid motif two invariant Tyr residues separated by three partially conserved amino acids, suggesting that they share the cleavage-ligation mechanism proposed for the 0X174 A protein (13) . The cleavage-ligation reaction of the 0X174 A protein is presumed to involve alternate covalent binding of both Tyr residues to the DNA. In this paper we report the localization of the single-strand cut induced by the P2 A protein. A comparison of the DNA sequence around the known, or presumed, cleavage sites in the superfamily I reveals no obvious sequence conservation except that the cleavage occurs on the 3' side of a G residue and that six of the nine members have a common CT pair on the 3' side of the nick (Fig. 7) . However, some related members of the group have very similar ori regions, like the single-stranded virulent DNA phages G4 and 0X174; the doublestranded temperate DNA phages P2 and 186; and the halobacterium plasmids pHGNl and pGRB. Also the spiroplasma virus SPV4 and the small Escherichia coli replicon phasyl have very similar ori regions. This region has been shown to contain the recognition and key binding site of the 0X174 A protein, which indicates that the members of this superfamily only share the mechanism of cleavage-ligation reactions and that their DNA recognition and binding domains differ. However, some members of this family, i.e. phasyl, pEE, P2 and 186 share a common sequence CAATAA within the region that in the 0X174 correspond to the key binding region for the A protein (Fig. 7) .
The A protein of P2 is homologous, in parts, to the 186 A protein. The origin of replication of phage 186 has been located by electron microscopy to 92.9 ± 1.8% from the left end of the genetic map (22) , which is within the coding part of the A gene (23) . Searching the 186 ori region for a sequence similar to the P2 ori sequence reveals a 23 nt long homologous sequence, with only one mismatch, that covers the cleavage site of the P2 A protein (Fig. 7) . It remains to be tested experimentally, however, whether the 186 A protein really cleaves at this putative ori site.
The prototype for the rolling circle DNA replication is the well characterized 0X174 DNA replication (for a review see ref. 24) . Besides the requirement for their respective A protein, 0X174 and P2 require the host functions of genes dnaE (a-subunit of poLU), dnaB (helicase), dnaG (primase) and rep (helicase) (25, 26) . In contrast to both 0X174 and 186, P2 is independent of the dnaC gene function (25, 27) , and it has been hypothesized that the P2 B protein is a DnaC analogue (4, 10) . However, the P2 B protein is essential for phage DNA replication (3), but for the replication of a P2 mini-chromosome (11) . The reason for this discrepancy is unknown. In this paper the A protein has been purified to about 90% homogeneity, but we find it unable to bind to linear double-stranded ori DNA as analysed by gel shift assays (data not shown). Since it is able to cleave single-stranded ori DNA, it is possible that some other protein(s) is required to open up the ori region and make it accessible to the A protein. As the strand-specific nick is generated in hybrid plasmids containing only the P2 A gene (pEE709), this hypothetical proteins must be a host protein. Alternatively, it is possible that the normal supercoiled DNA structure function as a substrate for the A protein, but since we find the A protein unable to relax supercoiled plasmid DNA containing the ori region in vitro (unpublished results) this seems an unlikely explanation. The A protein of 0X174 has both double-stranded and single-stranded endonuclease activities, and it is believed that the association of the A protein with the binding sequence, induces local denaturation through the AT-rich spacer region (Fig. 7) whereby the nick region becomes a single-stranded substrate for the cleavage reaction. The P2 ori region lacks an AT-rich region, and thus it is possible that P2, like oriT, requires an additional protein for the nicking reaction. The 3' side of the nick region of the IncP family show sequence similarities to 0X174, but the similarity to P2 is less pronounced (28, 29) .
The E. coli heat shock proteins (HSP) have been shown to be involved in the initiation of E.coli, phage 1 and PI DNA replication. In the case of phage 1, DnaJ is supposed to have a stabilizing function on the preprimosomal complex, and DnaJ and DnaK are required to release the P protein from the preprimosomal complex. The presence of GrpE lowers the concentration of DnaK required for 1 replication (30, 31) . In the cases of E.coli oriC, mini-F, and PI DNA replication, the DnaJ, DnaK, and GrpE proteins act on the initiation factors before they are in contact with DNA, where they seem to activate the initiator proteins by their ATP-dependent disaggregation capacity (32) (33) (34) (35) (36) . Whether P2 replication requires the HSP has not yet been elucidated. However, it is possible that the HSP proteins are involved in the binding of the A protein to the DNA like in PI, E.coli oriC or mini-F, and/or that they may also interact with P2 B in a manner similar to the interaction with X P.
The P2 A protein, like some other DNA replicative proteins, is cts-acting, i.e. it acts only on the chromosome that coded for it (2, 37) . The over-production of the A protein is not enough to overcome the cis-nature of the P2 A protein in vivo, since a P2 amber A mutant is unable to grow in cells over-producing the A protein (unpublished observations). However, as shown in this report, the purified A protein is able to cleave singlestranded DNA containing the ori sequence. This favours the idea of some compartmentalization of the replicating P2 DNA, rather than some rapid inactivation of the A protein upon release from the translational machinery. However, it is also possible that the formation of inclusion bodies results in insufficient level of active A protein for complementation.
